Stem cell antigen-1 (Sca1; Ly6A/E) is a well-established marker of murine hematopoietic stem cells, and also is expressed on memory T cells. It has been suggested that the functional maintenance of T cell memory requires the expression of Sca1 on a specialized population of memory T cells termed "memory stem cells". Here, we evaluate the requirement for Sca1 in the primary T cell response to virus infection, and in the establishment and maintenance of T cell memory. We find that Sca1 expression increases on almost all CD4 + and CD8 + T cells during virus infection, and remains high on virus-specific memory cells. However, Sca1-deficient (Sca1KO) mice generate normal primary T cell responses to infection; the kinetics, the immunodominance hierarchy, and the absolute numbers of CD4 + and CD8 + T cells are essentially indistinguishable from those observed in wildtype mice. Furthermore, by several criteria, primary and memory T cells in Sca1KO mice are phenotypically and functionally normal. These data indicate that Sca1, although perhaps a useful marker of virus-specific memory T cells, is not required for the regulation of T cell quantity or quality, or for the development of a competent pool of memory cells.
Introduction
Stem cell antigen-1 (Sca1) is expressed on murine hematopoietic stem cells, and it is a commonly-used marker of these cells [1] . The Sca1 protein was first identified more than 3 decades ago [2] and is a member of the Ly-6 gene superfamily, so-named because several of the gene products are markers of lymphocyte activation and differentiation [3, 4] . The Ly-6 superfamily comprises at least 18 highly homologous genes, the expression of two of which are quite commonly measured by immunologists: Ly-6C, often considered a marker of memory cells [5] , and Sca1, also known by its alternative name, Ly-6A/E [6] [7] [8] . Sca1/ Ly-6A is encoded by the Ly6a gene, the prototypical member of the Ly-6 superfamily. The Ly6a gene has two common alleles whose coding sequences differ by 2 amino-acids; C57BL/6 mice encode the Ly-6A protein, and BALB/c mice express the Ly-6E allele [6, 8, 9] . Cross-reactive antibodies have been widely used to evaluate the expression of these proteins on murine T cells, and so these allelic variants often are referred to in combination, as Ly-6A/E. Hereinafter, we shall refer to the allelic proteins as Sca1.
Sca1 expression fluctuates during lymphocyte development. As noted above, it is expressed on their earliest precursors (hematopoietic stem cells), and expression is maintained on immature thymocytes and double-negative T cells, lost at the double-positive stage of development, and regained by naïve single-positive CD4 + T cells and CD8 + T cells [10] [11] [12] . Thus, all naïve T cells are thought to express low levels of Sca1. Expression increases following T cell activation, e.g. when CD4 + T cells differentiate from uncommitted precursor cells to Th1 or Th2 cells, and it has been suggested that CD4 + memory cells may contain both Sca1 lo and Sca1 hi populations [13] . Both primary and memory CD8 + T cells show increased levels of cell-surface Sca1 in a graft-versus-host model [14] ; and in a model of virus infection, Sca1 was one of two molecules that showed the greatest increase between naïve T cell receptor (TcR)-transgenic CD8 + T cells and their memory counterparts [15] . Indeed, a role for Sca1 in memory T cell development has been proposed. Memory T cells are a self-renewing population of cells that, when appropriately stimulated, can rapidly divide and can show concurrent phenotypic changes such as altered effector function. These attributes of memory cells (self renewal and progeny differentiation), together with their increased expression of Sca1, a marker of stem cells in mice, has led some workers to propose the existence of a specialized "memory-precursor" population of T cells termed "memory stem cells" [14, 16] . By this hypothesis, Sca1 is not only a marker of those cells, but also is a key regulator of memory T cell establishment and function.
Consistent with the above hypothesis, there is evidence that Sca1 might be involved in the regulation of T cell responses. Both positive and negative effects have been reported. Supporting a positive effect, agonistic antibodies against Sca1 induce a Ca 2+ flux and increase IL-2 production [17] , and antigen-stimulated CD8 + T cells are capable of producing IL-2 and killing target cells when co-stimulated with immobilized antibody against Sca1 [18] ; but, conversely, anti-CD3-mediated IL-2 production is inhibited by anti-Sca1 antibodies [19] . Thus, the effect of Sca1 signaling on cytokine production varies in different in vitro models. Variable effects also have been reported with regard to T cell proliferation; monoclonal antibodies to Sca1 augment T cell proliferation [20] , but anti-TcR-induced proliferation is inhibited by antibody against Sca1 [18] , and T cells from mice that overexpress Sca1 proliferate poorly in vitro [21] . Sca1-deficient mice have been described by two research groups [22, 23] . These animals show no marked developmental abnormalities; and in both genotypes, hematopoiesis is essentially normal in homozygous mutant (Sca null) mice [22, 23] , with only very minor lineage skewing [24] . Perhaps most surprisingly, given the complex pattern of Sca1 expression in thymocytes, the naïve T cell compartment appears to be normal in these mice. However, some in vitro data suggest that T cells from Sca1KO mice may be hyper-responsive. The cells proliferate to a greater extent in vitro than wildtype T cells when stimulated by concanavalin-A or anti-CD3, or by a mixed lymphocyte reaction [22] . Furthermore, when Sca1KO mice received three injections of keyhole limpet hemocyanin, T cells from the mice were more responsive to the antigen in vitro [22] . The in vitro hyper-responsiveness of Sca1KO T cells may require TcR engagement, because the effect is not seen in cultures stimulated with PMA or ionomycin, signals that bypass TcR complex signaling [22] . Taken together, the foregoing work suggests that (i) Sca1 is not required for the development of naïve T cells; (ii) therefore, if Sca1 plays a key regulatory role in T cell biology, it most likely does so at a subsequent stage -for example, during an immune response, when naïve cells differentiate into effector & memory progeny; and (iii) the in vivo regulatory effects of the Sca1 protein, if any, are most likely to be negative.
T cells are, of course, key components of protective immunity against many microbial infections but, surprisingly, the importance of Sca1 for antigen-specific T cell responses has not previously been evaluated in this regard. We report herein the results of such a study, using the lymphocytic choriomeningitis virus (LCMV) model. We describe the changes in Sca1 expression that occur on virus-specific and non-virus-specific CD4 + and CD8 + T cells during and after virus infection; and we demonstrate that Sca1-deficient mice develop antiviral primary and memory CD4 + and CD8 + T cell responses that, by several criteria, are quantitatively and qualitatively normal.
Results

During acute infection most T cells become Sca1 hi , and this does not require IFN signaling
We considered it important first to confirm and expand the work of other labs, by evaluating Sca1 expression on normal (endogenous, non-TcR-transgenic) CD4 + and CD8 + T cells before, and during, a virus infection. To this end, wild-type C57BL/6 mice were infected with LCMV; Sca1KO mice also were infected, and were used here as negative controls for evaluating Sca1 expression levels. In uninfected mice (day 0), most wt CD8 + T cells were Sca1 lo ; but, contrary to our expectations, the majority of naïve CD4 + T cells were Sca1 hi ( Figure 1A ). By day 7 after infection, almost all CD4 + and CD8 + T cells expressed high levels of Sca1. Early work indicated that type I and type II interferons (IFN) could upregulate Sca1 expression on T cells both in vitro and in vivo [7, [25] [26] [27] . To evaluate the requirements for IFNs in Sca1 up-regulation in vivo, single knockout mice, lacking the receptor for one or other type of IFN, were infected with LCMV ( Figure 1B ). Two interesting observations were made. First, compared to wt mice, Sca1 expression was much reduced on naïve CD4 + and CD8 + T cells in IFNαβRKO mice; in contrast, expression on naïve cells was similar in wt and IFNγRKO animals. Second, in both of the receptordeficient strains, almost all T cells expressed high levels of Sca1 at 7 days p.i. Taken together, these data indicate that (i) type I IFNs may up-regulate constitutive Sca1 expression on naïve T cells; (ii) during LCMV infection, almost all T cells (CD4 + and CD8 + ) become Sca1 hi ; and (iii) the up-regulation of Sca1 has no absolute requirement for either IFNα/β, or for IFNγ. However, since both type I IFNs and IFNγ are reported to upregulate Sca1, it was possible that of one or other receptor would have little effect on Sca1 regulation, because the other IFN pathway would remain intact. Therefore, Sca1 expression also was analyzed in mice deficient in both receptors (DKO mice). As was observed in IFNαβRKO mice, T cells from the DKO mice showed reduced basal expression of Sca1 ( Figure 1B ), and at 7 days p.i. their T cells expressed greater levels of Sca1. Thus, we conclude that there is no requirement for type I IFN or IFNγ in the upregulation of Sca1 that takes place on most T cells after virus infection.
Only virus-specific T cells retain high levels of Sca1 after infection is cleared
LCMV infection induces a profound expansion of virus-specific T cells, but most of the naïve T cells in a wildtype mouse are not LCMV-specific and, as shown in many prior studies, these cells do not significantly respond to the infection. Thus, the up-regulation of Sca1 on essentially all T cells was surprising to us, and suggested that even non-virusspecific T cells, which are considered non-responders by several other criteria, might upregulate Sca1 during LCMV infection. To investigate this, we identified antigenexperienced cells by staining for CD44. As shown in Figure 2A , at 7 days after LCMV infection ~93% of CD8 + T cells, and ~40% of CD4 + T cells, are CD44 hi . This is consistent with the more dramatic expansion of virus-specific CD8 + T cells compared to their CD4 + counterparts. For both CD8 + and CD4 + T cells, we gated on the CD44 lo and CD44 hi populations (red and blue ovals respectively) and determined their Sca1 expression. As shown, Sca1 expression was high on all T cells, regardless of their CD44 status. It might be argued that CD44 expression is not a definitive criterion of virus specificity so, to address this, we next evaluated Sca1 expression on two different populations of TcR-transgenic CD8 + T cells, only one of which is LCMV-specific. P14 mice contain CD8 + TcR-transgenic T cells that are specific for the GP 33-41 epitope of LCMV, and OT-1 mice contain CD8 + TcR-transgenic T cells specific for an ovalbumin epitope [28] . Equal numbers of these cells were mixed, and adoptively transferred into wildtype mice. 2 days later, some of the mice were infected with LCMV, and 8 days later the extent of Sca1 expression was determined on each of the cell populations in infected and uninfected mice. As shown in Figure 2B , the input (naïve, day 0) P14 cells (Thy1.1) and OT-I cells (Ly5a) were similar in number (top row dotplot, blue and black ovals respectively) and similar in CD44 levels (~50% CD44 hi ). By 8 days p.i., (bottom row dotplot) the P14 cells (red oval) were far more abundant than the OT-1 cells (purple oval); this is as expected, because only the P14 cells will have divided in response to virus infection. Consistent with the P14 cells' being antigen-experienced, ~98% are CD44 hi at 8 days p.i., while the proportion of CD44 hi OT-I cells has not increased. However, at 8 days p.i., ~99% of both populations of TcR-transgenic CD8 + T cells express high levels of Sca1 ( Figure 2B , right column). Thus, Sca1 is upregulated on all CD8 + T cells, regardless of their antigen specificity; and this upregulation requires neither antigen stimulation nor extensive cell division.
Next, we evaluated the kinetics of Sca1 expression in more detail. Wt C57BL/6 mice were infected with LCMV, and were sacrificed 6, 8, or 14 days later. As shown in Figure 2C , Sca1 peaked in abundance at day 6 on both CD4 + and CD8 + T cells. Thereafter, expression levels fell somewhat, although not to the low levels observed on naïve cells. Notably, Sca1 expression was monophasic at all time points, consistent with our observation that, during the primary immune response, virus-specific cells cannot readily be distinguished from nonspecific cells by their level of Sca1 expression. However, the range of Sca1 expression (as measured by the breadth of signal on the x axis) appeared to be slightly greater at day 14 (green line) than at day 6 or day 8 (red and blue lines respectively). This suggested that, as the antiviral T cell response entered the contraction phase, the extent to which Sca1 expression declined (or was maintained) might vary among different populations of T cells. To evaluate this possibility on both CD8 + and CD4 + T cells, we once again made use of P14 TcR-transgenic cells, this time in combination with cells taken from SMARTA mice, which contain CD4 + T cells that are specific for the LCMV GP 61-80 epitope [29] . A mixture of P14 cells (Thy1.1) and SMARTA cells (Ly5a) were adoptively transferred into wt mice (Thy1.2, Ly5b). The mice then were infected with LCMV and, 65 days later, Sca1 expression was measured on TcR-transgenic (P14 and SMARTA, donor) cells and on non-TcR-transgenic (host) T cells. Analyses of CD8 + T cells ( Figure 2D , top row) showed that ~98.7% of P14 cells were CD44 hi (consistent with their being virus-specific memory cells), and almost all of those cells also were Sca1 hi . This indicates that memory T cells retain the high level of Sca1 expression that was present on their predecessors during the acute phase of the immune response. In contrast, at 65 days p.i. the host CD8 + T cells (non-P14, purple oval and dotplot) were much more heterogeneous. This population comprises a mixture of naïve cells (most of which are not virus-specific) and of virus-specific memory cells. Within this endogenous CD8 + T cell population, most of the CD44 hi cells (many of which will be LCMV-specific memory cells) were also Sca1 hi ; and most of the Sca1 hi cells were CD44 hi . However, the single most abundant population (65% of the endogenous CD8 + T cells) was CD44 lo /Sca1 lo . Similar observations apply to the CD4 + memory T cells ( Figure 2D Figure 2C ); but (iii) Sca1 remains high on virusspecific T cells well into the memory phase ( Figure 2D ). Thus, Sca1 protein may be a marker of T cell activation and/or memory; but, more importantly, does the protein subserve a required function in T cell development?
Sca1 deficiency causes no major change in the magnitude or kinetics of the primary T cell response
First, the magnitude and kinetics of endogenous antiviral CD4 + and CD8 + T cell responses in mice deficient in Sca1 [22] were determined, and were compared to those observed in wildtype mice on the same genetic background (C57BL/6). The results are shown in Figure  3 . Epitope-specific responses were measured by intracellular cytokine staining (ICCS) at days 6, 8 and 14 post-infection for 3 dominant epitopes (one for CD4 + T cells, GP 61-80 , panel A; and two for CD8 + T cells, GP [33] [34] [35] [36] [37] [38] [39] [40] [41] and NP 396-404 , panels B and C). In addition, responses were measured at day 8 p.i. (the peak of the response) for two additional, subdominant, CD8 + T cell epitopes (GP 276-286 and NP 205-212 , panels D and E). The responses in Sca1KO mice closely paralleled those found in wt animals, and none of the differences were statistically significant; for example, comparison of the day 6 GP 33 -specific response ( Figure 3B ) showed a p value >0.27; and a similar comparison of the CD4 + response at day 6 ( Figure 3A ) also had a p value of >0.27. Of the 11 pairwise comparisons in Figure 3 , 8 of the T cell responses are marginally higher in Sca1KO mice compared to wt mice, including all 5 day 8 comparisons. This raised the possibility that Sca1 deficiency caused a small degree of hyper-responsiveness than was not significant for any one epitopespecific population, but that might be significant when considered at the level of the overall antiviral T cell response. Consequently, the total numbers of antiviral T cells in spleens of wt and Sca1KO mice at d8 post infection were calculated and compared; no significant difference was found (p>0.16, wt n=7, Sca1KO n=8, data not shown). Thus, despite the fact that Sca1 expression on T cells appears to be regulated over the course of the immune response ( Figure 1 ), these data ( Figure 3 ) indicate that deficiency in Sca1 expression does not significantly impact the abundance of antiviral CD4 + or CD8 + T cells over the course of the primary immune response.
Responses to low dose, high dose, or persistent infection, are similar in Sca1-deficient and WT mice
In the experiments presented above the mice were infected with LCMV Armstrong strain, a virus that is rapidly cleared by mice; in this situation the virus-specific T cells are transiently exposed to a relatively high dose of antigen. It was conceivable that Sca1 might have some effect on T cell responses when the antigen load was lower, and/or during chronic antigen stimulation. To evaluate these possibilities, groups of WT and Sca1KO mice were infected with two different doses of LCMV-Armstrong, over a 1000-fold range, or with LCMV-Clone13, a viral variant that establishes persistent infection. T cell responses were compared eight days later by ICCS assay (Figure 4 ). The frequency of virus-specific CD8+ T cells and CD4+ T cells was very similar between the WT and Sca1KO groups. When given 200 PFU or 2×10 5 PFU of LCMV-Armstrong, both groups of mice generated robust and overlapping primary T cell responses, indicating that Sca1 is not required, even when the mice are challenged with low amounts of virus. WT mice that were given LCMV-clone13 generated low numbers of functional virus-reactive T cells (Figure 4 ), as expected [30] , and a weakened response was also found in the Sca1KO mice ( Figure 4) . Moreover, T cell responses continued to be diminished in the LCMV-Clone13 infected mice during the persistent phase, and there were no differences between the two groups of mice in the frequency or number of virus-reactive T cells or in the viral load during that time (data not shown). So, Sca1 does not appear to impact primary T cell responses following low-dose or high-dose infection, nor does it impact the deletion of cells when LCMV persists.
Responding T cells in Sca1KO mice show normal CD44 phenotype and cytokine function
Next, we analyzed the requirement for Sca1 in regulating selected phenotypic and functional attributes of T cells. As shown in Figure 5A , in naïve (day 0) wt mice, 60-70% of CD8 + and CD4 + T cells were CD44 lo . Very similar proportions were observed in uninfected Sca1KO mice, consistent with an earlier report [22] . At 8 days after LCMV infection of wt mice, most CD8 + and CD4 + T cells (~96% and ~62% respectively) expressed high amounts of CD44; similar proportions of CD8 + and CD4 + cells became CD44 hi in Sca1KO mice (~96% and ~55% respectively). Thus, the proportion of T cells acquiring high levels of CD44 is unaffected by the absence of Sca1. However, it remained possible that Sca1 deficiency might alter the relative proportions of different epitope-specific populations within the overall virus-specific pool of cells. To investigate this possibility, four distinct epitopespecific CD8 + T cell populations were enumerated by ICCS at day 8 after infection ( Figure  5B ). The frequencies of all four populations were similar in wildtype and Sca1KO mice, indicating that Sca1 expression does not markedly impact the epitope hierarchy of the response. These findings are based on a functional assay (ICCS), suggesting that at least one CD8 + T cell effector function (in this case, IFNγ production) is unaffected by the absence of Sca1. This conclusion is supported by the fact the amounts of IFNγ produced by the responding cells (as measured by geometric mean fluorescence intensities; gMFI) are similar between wt and Sca1KO CD8 + T cell populations. Finally, similar analyses were applied to CD4 + T cells ( Figure 5C ). At 8 days p.i., wildtype and Sca1KO mice contained comparable frequencies of IFNγ-producing CD4 + T cells, and also of IL-2-producing cells. Within each of the population pairs (the IFNγ pair, and the IL-2 pair), the gMFI were similar indicating that Sca1 is not required for the production of either of these cytokines. We considered the possibility that virus-specific T cells from Sca1KO mice may be less sensitive to low amounts of cognate peptide -that is, have lower functional avidity [31] . Therefore, the functional avidity of the memory T cells isolated from day 60 infected mice was determined by flow cytometry. The dose response of the wt and Sca1KO T cells was overlapping (data not shown), indicating that Sca1 expression does not regulate the ability of T cells to recognize, and respond to, low quantities of peptide.
Sca1KO mice develop normal in vivo cytotoxic T cell activity, and rapidly control LCMV infection
Cytotoxic CD8 + T cells are required to eliminate LCMV infection [32] [33] [34] , and defects in CTL activity allow the virus to establish a persistent infection, sometimes for the lifetime of the animal. Thus, we next determined the capacity of Sca1KO mice to (i) demonstrate epitope-specific cytotoxicity, using an in vivo cytotoxicity assay; and (ii) to control, and ultimately eradicate, LCMV infection. Three populations of CFSE-labeled potential target cells were prepared, differing in the level of CFSE staining (low, medium, high), and also in their peptide-coating (none, NP 396-404 or GP [33] [34] [35] [36] [37] [38] [39] [40] [41] ). The potential target cells were mixed, and inoculated into wt mice or Sca1KO mice at 8 days after LCMV infection, a time point at which cytotoxic T cells should be abundant. As a control, the cells also were inoculated into naïve wt mice. 1 hour later, the mice were sacrificed, splenocytes were harvested, and the three populations of target cells were enumerated based on their CFSE fluorescence. In naïve animals, all three populations were abundant ( Figure 6A, left histogram) . In the infected mice, CFSE lo cells, which were not coated with epitope peptide, remained abundant, as expected. In contrast, both the CFSE med and CFSE hi populations (coated respectively with the NP 396-404 or GP 33-41 peptides) were largely absent, in the infected wt and Sca1KO mice ( Figure 6A , middle and right panels respectively). Calculation of the percentage of specific killing for each of the peptide-coated populations showed that Sca1KO mice developed highly-effective cytotoxic responses against both GP [33] [34] [35] [36] [37] [38] [39] [40] [41] and NP 396-404 epitopes ( Figure 6B ). Consistent with their generating strong virus-specific cytotoxic responses, virus titers in the liver and lung of Sca1KO mice were similar to those observed in wildtype mice at at 8 days p.i. (Figure 6C ), and both strains of mice completely eradicated LCMV at later time points (data not shown). Thus, Sca1KO mice develop strong protective antiviral immune responses.
Memory cell frequencies and absolute numbers are similar in wt and Sca1KO mice
Memory lymphocytes are the cornerstone of adaptive immunity, and the frequency and number of memory T cells are dependent upon their early differentiation, and their cytokinemediated homeostatic maintenance [35, 36] . Sca1 is highly expressed on memory T cells ( Figure 2) , and it is plausible that its expression plays some role in memory development or maintenance, as others have proposed [14, 16] . To determine whether the absence of Sca1 impacts T cell memory, the frequencies and absolute numbers of several populations of epitope-specific CD8 + and CD4 + T cells were quantified in wt and Sca1KO mice at 2-3 months after LCMV infection. The frequencies of virus-specific CD8 + T cells that made IFNγ or IL-2 when re-stimulated ex vivo were similar in wt and Sca1KO mice, for 5 different epitope-specific populations ( Figure 7A) ; the same was true for 2 epitope-specific populations CD4 + T cells ( Figure 7B ). The gMFIs for IFNγ and for IL-2 were similar in all pairs (wt versus Sca1KO) of T cell populations, indicating that Sca1 deficiency has little impact on these memory cell functions. The similar frequencies of memory cells were reflected in the absolute numbers that were present ( Figure 8 ). These data indicate that the expression of Sca1 is not required during early T cell differentiation or during the maintenance phase of CD4 + and CD8 + T cell memory. To determine whether Sca1 expression on memory T cells is needed for biologically-effective recall responses, wt and Sca1KO mice that had been inoculated with LCMV 9 weeks earlier were re-challenged with LCMV-Armstrong (2×10 6 PFU). Six days later, virus titers had been reduced to undetectable levels in both strains of mice.
Discussion
The data presented herein show that Sca1 is expressed on many naïve T cells, and that the level of constitutive expression may be up-regulated by type I IFNs. Furthermore, Sca1 is strongly induced on all T cells during acute LCMV infection, and its expression is sustained on virus-specific memory T cells long after infection has been cleared. In addition, we demonstrate that Sca1KO mice generate normal numbers of antiviral T cells that are capable of producing IL-2 and IFNγ in response to viral peptide stimulation, and can kill peptide coated targets cells in vivo. The near-equivalence of the T cell responses mounted by wt and Sca1KO mice is retained after both low-dose and high-dose infections, and following inoculation of a variant virus that establishes persistent infection. Finally, memory T cells developed normally in these mice, and the cells were sustained over time. Taken together our data suggest that -in contrast to several published reports, most of which relied on in vitro analyses -Sca1 is dispensable for T cell differentiation and for the homeostatic maintenance of T cell memory. Therefore, our findings and broad conclusions conflict with previous suggestions that Sca1 signaling is a key factor that regulates T cell function. Interestingly, Sca1 is not present in the human genome, which suggests that there was no selection for its maintenance during subsequent speciation events. However, these conclusions must be tempered with caution. For example, we show here only that Sca1 is not required for normal T cell responses to virus infection; it remains possible that the Sca1 protein does play a role in regulating T cells but that, in its absence, other proteins provide compensatory functions that obscure the effects of Sca1 deficiency. Furthermore, we cannot exclude the possibility that Sca1 exerts subtle effects on T cell numbers and/or function; we discuss several possible effects, and other caveats, below.
First, we show here that Sca1KO mice generate normal numbers of T cells by day 8 after infection, implying that Sca1 probably does not profoundly limit cell division. However, we did not directly measure cell division rates, and thus we cannot exclude the possibility that Sca1 exerts two opposing effects in wt mice in vivo; one negative (that limits cell division), and one positive (that, for example, may decrease the rate of cell death). Under such a circumstance, Sca1KO mice may have slightly more T cell proliferation (as predicted by the earlier studies) counterbalanced by increased cell death, resulting in T cell numbers that are similar to those observed in wildtype mice. Second, most of our studies presented herein focused on T cells that were isolated from the spleen. However, Sca1 is expressed on certain non-immune cells, such as intestinal epithelium, where its activation can alter chemokine expression [37] . This raises the possibility that T cell trafficking could be altered in the absence of Sca1 signaling. However, we found that the antiviral CD8 + T cells generated in Sca1KO mice controlled infection in peripheral tissues (liver and lung) as efficiently as did the cells in wt mice ( Figure 6C ), suggesting that T cell trafficking (at least to these organs) was not dramatically impaired. Third, CD4 + T cells play an important role in controlling many antibody responses, but these have not been evaluated in Sca1KO mice. Possibly relevant to this is the difference that we observed in the basal expression of Sca1 on naïve T cells in wt mice; many naïve CD8 + T cells showed very low expression, whereas most naïve CD4 + T cells showed a higher level of expression ( Figure 1 ). The ligand of Sca1 is unknown; current evidence suggests that the ligand is expressed on B cells, and may be CD22 [38] . Thus, one might speculate that the increased amount of Sca1 on naïve CD4 + T cells could improve their local association with B cells in the lymphoid organs, poising them to respond to exogenous antigens presented by these cells. Interestingly, B cells express Sca1 following some forms of activation [39] , and the amount of Sca1 expression on B cells is associated with the severity of disease in lupus prone mice [40] . Moreover, antibodyproducing cells tend to be Sca-1 + and those B cells that are not making antibody are Sca1 − [39] , consistent with Sca1-dependent signals enhancing B cell activation and differentiation. Taken together with the evidence that B cells express a ligand for Sca1, these data suggest that complex intercellular interactions may be mediated by this molecular pair. These interactions could be particularly important for immunity against infections that are prone to persist, or infections where B cells play a key role in defense.
In conclusion: it remains possible that Sca1 does contribute to some aspects of T cell biology, but this study provides definitive evidence that this protein is not required for the development of normal CD4 + and CD8 + T cell responses to acute and chronic virus infections.
Materials and Methods
Mice and virus
C57BL/6 mice were purchased from the breeding colony at The Scripps Research Institute (TSRI). Sca1KO mice [22] that were backcrossed 10 generations to C57BL/6 were kindly given to us by Dr. William Stanford, Division of Comparative Medicine, University of Toronto. SMARTA TcR-transgenic mice [29] specific for the I-Ab LCMV epitope GP 61-80 were crossed to C57BL/6.Ly5a mice (B6.SJL-PtprcaPep3b/BoyJ) to generate SMARTA.Ly5a mice [41] . P14 TcR-transgenic mice specific for the LCMV epitope GP33-41 on the H-2b background [42] were crossed to B6.Ly5a mice to generate the P14.Ly5a strain [43] . OT-I mice [28] were obtained from Dr. Charles Surh at TSRI. IFNαβRKO mice [originally described in ref 44 , and subsequently backcrossed onto the B6 background] were obtained from Dr. Charles Surh (TSRI). IFNγRKO mice backcrossed onto the B6 background (strain B6.129S7-Ifngr tm1Agt /J) were purchased from Jackson labs (Bar Harbor, ME). Double KO mice were acquired from Dr. Bruce Beutler (TSRI) and were analyzed genotypically (PCR) and phenotypically (flow cytometry) before use. Mice were infected by intraperitoneal administration of the indicated doses of LCMV (Armstrong strain), or intravenous administration of LCMV clone13, a viral variant that establishes persistent infection when inoculated into adult mice. Quantitation of virus in the tissues was done by plaque assay on Vero cell monolayers. All animal experiments were approved by TSRI Animal Care and Use Committee and were carried out in accordance with national regulations.
Flow cytometry
The intracellular staining assay was performed as described previously [45] . In brief: spleen cells were cultured for 5 hours in the presence of Brefeldin-A (1μg/ml) with or without peptide (1μg/ml). The cells were surface stained using antibodies described below, fixed, and permeabilized using the IC Fixation Buffer and IC Permeabilization buffers from eBioscience.com (San Diego, CA). The permeabilized cells were stained using fluorescent antibodies against IFNγ, TNF, or IL-2. Anti-CD4 (clone RN4-5), anti-CD8 (clone 53-6.7), anti-CD44 (clone IM&), anti-Ly5a (Ly5.1, clone A20), and Rat-IgG2a,K isotype control were all purchased from eBioscience. The anti-Sca1 (Sca1, clone D7) was purchased from BD-Biosciences. Cell staining was analyzed by four-color flow cytometry at TSRI core facility using a BD Biosciences FACScalibur and FloJo software (Tree Star).
In vivo cytotoxicity
Naïve C57BL/6 splenocytes were incubated with 4μM, 1μM, or 0.25μM CFSE (5,6carboxy-fluorescein diacetate succinimidyl ester; Molecular Probes). The CFSEhi cells were coated with the GP33-41 peptide, the CFSEmed were coated with the NP396-404 peptide, and the CFSElo cells were left uncoated. After extensive washing, equal numbers of the CFSEhi, CFSEmed, and CFSElo cells were mixed, and transferred into either naïve recipients or day 8-infected mice. After 1 hour, splenocytes were harvested and the abundances of each of the three populations of CFSE+ cells were identified by flow cytometry; the percent killing was calculated as 100−{[(% peptide coated in infected/% uncoated in infected)/(% peptide coated in uninfected/% uncoated in uninfected)] × 100}.
Figure 1. Sca1 expression on CD4+ and CD8+ T cells changes over the course of infection, and the changes require neither type I nor type II IFNs
The expression level of Sca1 on T cells was analyzed by flow cytometry before and at various times after acute infection with LCMV-Armstrong. For mice of the five indicated strains, the levels of Sca1 expression on T cells were determined in naïve mice (Day 0) or 7 days after infection with LCMV. Panel A. T cells from Sca1KO mice serve as controls for the analyses, and define the cutoff point for Sca1 detection in wt mice (naïve and day 7 p.i.). The numbers indicate the percentage of all spleen cells in each quadrant. Panel B. Similar analyses were carried out in mice lacking the receptor either for type I IFNs (top row), for IFNγ (middle row) or for both receptors (DKO mice, bottom row). The data are representative of at least 2 independent experiments; and in all cases, there were at least 2 mice in the uninfected groups, and 7-16 mice in the infected groups.
Figure 2. During infection, Sca1 is upregulated on all T cells, but only virus-specific cells remain Sca1hi in the memory phase
Panel A. Wt mice were infected with LCMV and, 7 days later, splenocytes were isolated and stained for expression of CD4, CD8, CD44 and Sca1. For both CD4 + and CD8 + T cells, cells were gated on CD44 lo and CD44 hi populations (left dotplots, red and blue ovals respectively), and those populations were analyzed for Sca1 expression (right histograms, color-coded as for the ovals). The dotted grey lines show signal from isotype control antibody. The data shown are representative of 3 separate experiments, with a total of 7 mice analyzed. Panel B. Equal numbers of CD8 + P14 cells (Thy1.1) and CD8 + OT-I cells (Ly5a) (5×10 5 each) were mixed and transferred into C57BL/6 mice. Two days later, some of the recipient mice were infected with LCMV. 8 days later, spleen cells were harvested from both infected and uninfected mice, and were analyzed by flow cytometry. The TcRtransgenic CD8 + T cells are enclosed in color-coded ovals (left column), and their CD44 expression, also color-coded, is shown in the two middle columns. Finally, Sca1 expression of both populations in virus-infected mice is shown (right column); the dotted line indicates isotype control staining. Representative data from one of 3 experiments are shown, and a total of 6 mice were analyzed. Panel C. At days 6, 8, and 14 days after infection (2 mice per time point), spleen cells were harvested and stained for Sca1 expression. The histograms are gated on either CD8 + or CD4 + T cells, and show the level of Sca1 fluorescence at each of the three time points for an individual mouse; in each case, the second mouse showed a similar phenotype. The dashed black line represents the isotype control staining on day 6 cells. Panel D. P14/Thy1.1 spleen cells or SMARTA/Ly5a+ spleen cells were mixed and were adoptively transferred into three C57BL/6 mice (Thy1.2, Ly5a−), and after 2 days, the recipient mice were given LCMV. 65 days later, the spleen cells from the immune recipients were stained to identify the TcR-transgenic T cells and their expression of Sca1. The ovals in the top dotplot show the P14 CD8 + T cells (red oval) and the host CD8 + cells (purple oval). The numbers in the dot plots indicate the percentage of all splenocytes that are within the ovals. After gating on these two populations, the adjacent histograms show the expression of Sca1 and CD44 on the P14 cells and on the host cells. The numbers in the histograms indicate the percentages of gated T cells in each quadrant. The lower dot plots show similar analyses for SMARTA CD4 + memory T cells and the host CD4 + T cells. The data shown are from 1 of 5 experiments, comprising a total of 12 recipient mice. Groups of 2-3 wt or Sca1KO mice were given 200 PFU LCMV-Armstrong, 2×10 5 PFU LCMV Armstrong, or 2×10 6 PFU LCMV clone13. ICCS was used to quantify the epitopespecific T cell response in the spleen 8 days after infection. Panel A. The ovals within the dot plots show CD8+ T cells that made IFNγ in response to the indicated peptides; the numbers indicate the frequency of these cells among all spleen cells. Panel B. The ovals within the dot plots show CD4+ T cells that made IFNγ in response to stimulation with GP 61-80 or no peptide, and the numbers indicate the frequency of these cells among all spleen cells.
Figure 5. Responding T cells in Sca1KO mice show normal CD44 phenotype and cytokine function
Wildtype and Sca1KO mice were given LCMV-Armstrong, and the splenic T cell responses of these mice were quantified by flow cytometry. Panel A. The dot plots and associated matrices show the proportion of CD8 + T cells or CD4 + T cells that express CD44. The numbers in the matrices indicate the percentage of spleen cells in each quadrant of the adjacent dotplot. Panel B. IFNγ production by epitope-specific CD8 + T cells at 8 days after infection were determined by ICCS. The numbers in the dot plots identify the fraction of CD8 + T cells (as a percentage of all spleen cells) that made IFNγ upon ex vivo stimulation with the indicated peptide. Panel C. GP 61-80 -specific CD4 + T cells were similarly quantified by ICCS. The numbers within the upper set of dot plots identify the cells that made IFNγ (as a percentage of all spleen cells); and the numbers in the lower set of dot plots show the percentage of cells that made IL-2. The data are representative of 13 mice analyzed, in 5 independent experiments.
Figure 6. Sca1KO mice develop normal in vivo cytotoxic T cell activity, and rapidly control LCMV infection
The ability of infected Sca1KO mice to generate CTL and eliminate virus infection was measured 8 days after infection. Panel A. An in vivo CTL assay was used to determine how efficiently Sca1KO mice eliminate peptide-coated target cells. Target cells were coated with GP 33-41 peptide, NP 396-404 peptide, or no peptide; and then were labeled with differing concentrations of CFSE so that they would fluoresce at different intensities. The labeled cells were transferred into the wt mice or Sca1KO mice, as indicated above each histogram. 1 hour later, the spleens from these mice were harvested, and the relative loss of each target cell population was determined by flow cytometry. The histograms are gated on CFSE+ spleen cells, and the numbers indicate the percentage of these present in each peak. Panel B. The bar graphs indicate the percent specific killing of the peptide-coated target cells in 1-2 mice per group. Panel C. Plaque assay was used to quantify infectious virus in the liver and lung of 3-4 mice per group; the graphs show plaque forming units (PFU) per gram of tissue. p values (Student's t test) are >0.28 (liver) and >0.22 (lung). The absolute numbers of virus-specific T cells in the spleens of 4 immune wildtype and 4 Sca1KO mice was determined by ICCS assay 60 days after acute infection with LCMV. The spleen cells were stimulated with the indicated peptides, and the frequency of IFNγ+ T cells was determined by flow cytometry.
